We have used copper-coated carbon fiber reinforced plastic (CuCFRP) for the construction of high and ultra-high vacuum recipients. The vacuum performance is found to be comparable to typical stainless steel used for this purpose. In test recipients we have reached pressures of 2×10 −8 mbar and measured a desorption rate of 1 × 10 −11 mbar·liter/s/cm 2 ; no degradation over time (2 years) has been found. Suitability for baking has been found to depend on the CFRP production process, presumably on the temperature of the autoclave curing. Together with other unique properties of CuCFRP such as low weight and being nearly non-magnetic, this makes it an ideal material for many high-end vacuum applications.
Introduction
Many of today's technologies and research techniques depend on processes and methods in high or ultrahigh vacuum. Traditionally vacuum recipients are most often made of a variety of metals especially of various grades of stainless steel. However, in certain applications stainless steel can be problematic as it is magnetic or at least magnetizable, has a relatively high weight, and is electrically conductive.
At the Paul Scherrer Institut, Switzerland an experiment to search for a permanent electric dipole moment of the neutron (nEDM) is running [1] , while ten time more sensitive next generation experiment is being setup.
The measurements are performed inside a magnetically shielded room in vacuum and are extremely sensitive to any perturbation or inhomogeneity of the magnetic field. It is of paramount importance to avoid all magnetic or magnetizable materials within the vacuum chamber. Even parts made of nonmagnetic stainless steel or aluminum are disfavored as electrical conductivity leads to Johnson-Nyquist noise [2] . The spectral density of Johnson-Nyquist noise is proportional to the thickness of a conductive layer, hence we studied vacuum and magnetic properties of micrometer thin copper coatings on high performance carbon fiber reinforced plastic (CFRP).
Requirements and samples
Any material of and within the vacuum chamber has to fulfill among others the following stringent requirements:
• No measurable magnetic impurities and magnetizability (local magnetic moments M < 5 nAm 2 before and after contact with strong magnet).
• Low magnetic spectral noise density (≤ 20 fT/ √ Hz)
• Very low bulk electric conductivity (σ < 10 4 S/m), or a very thin conductive layer on insulator (d < 20 µm).
• No helium permeability.
• Desorption rate below 10 −10 mbar·liter/s/cm 2 .
Carbon fiber reinforced plastics are known to have excellent mechanical properties and can be tailored to design. This allows to reduce weight and still excel in strength of shape. Three different samples ( The suitability of the material with respect to its magnetic properties was shown in the BMSR-II of the PTB in Berlin [3] . Figure 2 compares the noise spectrum of a CFRP plate, a copper-coated CFRP plate, and an aluminum electrode. Both CFRP samples showed no dipole structure and a peak to peak magnetic field of B < 40 pT in a distance of ∼ 3 cm even after magnetization with a strong permanent magnet. We consider the material suitable for our magnetic requirements and will concentrate on the vacuum properties in this article.
Sample characterization
In an initial step we determined the out-gassing characteristics of the sample plate without coating. The plate was cleaned in an ultrasonic bath of prints. We also characterized the composition of the rest gas in case (a) using a quadrupole mass spectrometer PRISMA 3 (see Fig. 4 ), which is dominated by over 90 % of water. Next the sample was coated by Galvanic Wädenswil the test assembly was identical to that of a fluoroelastomer sealed flange.
Vacuum recipient
The second test piece was a custom design of a scaled down model of a possible vacuum recipient for our experiment, shown in Fig. 1b . The size (420 × 270 × 300 mm 3 ) was chosen such that the half shells could fit into available galvanization test baths. On each half shell an ISO K DN63 flange was attached to demonstrate that a connectivity to standard vacuum parts can be accomplished. The recipient was produced by Pauco Plast 2 in an autoclave at 200 ℃ using a negative mold made from aluminum. Both half The total pressure after cool down was identical to pressures reached by identical pumps blind flanged using fluoroelastomer seals. 
Vacuum tube
The third test sample was an "off-the-shelf" CFRP tube tube was cleaned with a cotton cloth and purified ethanol before evacuation.
Vacuum tightness and He-permeability of the ISO K DN160 flange sealed
with an fluorelastomer seal was tested with a leak tester (HLT560, Pfeiffer).
Only a very small permeability through the gasket of < 10 
Performance stability of the tube
With excellent performance of the custom made vacuum recipient (Fig. 1b) in terms of long term stability and baking, we next investigated the long term stability of the coated CRFP tube.
Two years after initial characterization, storing the tube at air, we remeasured the evacuation behavior (see Fig. 7 After opening the system we observed two large 'blisters' in the coating, see Fig. 10 , with an overall area of about 150 cm 2 . The de-laminated Culayer was still intact and robust; no obvious cracks or holes were visible.
From the pressure evolution we had indications that some de-lamination may have happened already during the second heating cycle. Based on this we speculate that the pressure spikes discussed in connection with Fig. 9 could represent a stepwise further enlargement of the blisters.
.
Summary and Conclusion
Without baking the vacuum properties of recipients made of coppercoated carbon reinforced plastics were comparable to recipients made of stainless steel. All tests were performed only with fluoroelastomer gaskets.
Permeability and leakage rates were identical to values known for this type of sealing. A design including metallic sealing appears straight forward. After baking, out-gassing rates smaller than 10 −8 mbar·liter/s were measured for the recipients. No helium permeation could be measured through the CuCFRP. After baking ultra-high vacuum conditions at 2×10 −8 mbar were reached. It was shown that standard vacuum tubes can be easily produced from off-the-shelf CFRP tubes and our recipients showed no measurable deformation when evacuated. Even after two years of exposure to air the vacuum performance was comparable to stainless steel. That the coating had de-laminated over a specific area points to locally insufficient CFRP surface conditions necessary for coating which might be a direct result of the production method. The custom made sample ( fig. 1b) had a much smoother inner surface before coating. The adhesion of the copper coating might depend directly on the surface quality of the mold and the temperature during the autoclave CFRP production process. This assumption is supported by the observation that the custom made recipient, which was heated to 200 ℃ during production, did not show any degradation during baking at higher temperatures. The precise production methods for the CFRP tube are not known to the authors, however, as for most CFRP processes a production temperatures above 130 ℃ is unlikely. The producer of the tube, C-Tech 1 , gives a maximum continuous temperature resistance up to 115 ℃, which might be too low for vacuum baking.
We noted that baking of all copper coatings yielded a largely improved surface resistance against typical degradation, as e.g. finger prints on untreated Cu surfaces. While writing this article we noticed, that the Frauenhofer Institute at Braunschweig was successful in developing copper-coatings to CFRP to produce antennas 5 .
